Two bacterial strains (BQ1 and BQ8) were isolated from decomposed soft foam. These were selected for their capacity to grow in a minimal medium (MM) supplemented with a commercial surface-coating polyurethane (PU) (Hydroform) as the carbon source (MM-PUh). Both bacterial strains were identified as Alicycliphilus sp. by comparative 16S rRNA gene sequence analysis. Growth in MM-PUh showed hyperbolic behavior, with BQ1 producing higher maximum growth (17.8 ؎ 0.6 mg ⅐ ml ؊1 ) than BQ8 (14.0 ؎ 0.6 mg ⅐ ml ؊1 ) after 100 h of culture. Nuclear magnetic resonance, Fourier transform infrared (IR) spectroscopy, and gas chromatographymass spectrometry analyses of Hydroform showed that it was a polyester PU type which also contained N-methylpyrrolidone (NMP) as an additive. Alicycliphilus sp. utilizes NMP during the first stage of growth and was able to use it as the sole carbon and nitrogen source, with calculated K s values of about 8 mg ⅐ ml ؊1 . Enzymatic activities related to PU degradation (esterase, protease, and urease activities) were tested by using differential media and activity assays in cell-free supernatants of bacterial cultures in MM-PUh. Induction of esterase activity in inoculated MM-PUh, but not that of protease or urease activities, was observed at 12 h of culture. Esterase activity reached its maximum at 18 h and was maintained at 50% of its maximal activity until the end of the analysis (120 h). The capacity of Alicycliphilus sp. to degrade PU was demonstrated by changes in the PU IR spectrum and by the numerous holes produced in solid PU observed by scanning electron microscopy after bacterial culture. Changes in the PU IR spectra indicate that an esterase activity is involved in PU degradation.
Polyurethane (PU) was developed by Otto Bayer as a substitute for rubber at the beginning of World War II (1938) . Due to its range of properties, the polymer is widely used, for example, in liquid coatings and paints, adhesives, sealants, flexible and rigid foams, and elastomers (7) . Since PU is such a versatile polymer, PU production has increased, but this has brought with it the problem of safe disposal. Each year, more than 5 million tons of shredder residue containing different plastics and PU foams is generated in the United States and Canada (6) . Several mechanical processes, such as regrinding, flexible foam bonding, adhesive pressing, and compression molding, as well as chemical techniques, such as glycolysis, hydrolysis, pyrolysis, and hydrogenation, are used for the recovery of the starting materials or in the production of other PU types (8) . Recently, the development of new strategies based on the utilization of biopolymers such as poly[(R)-hydroxyalkanoic acids] (21), the enzymatic polymerization of polyesters and degradation of PU (28) , and the discovery of microorganisms (fungi and bacteria) able to utilize PU as a source of carbon and nitrogen (12, 31, 32) is leading the move to a greener chemical industry.
A number of bacterial strains, such as Corynebacterium sp., Pseudomonas fluorescens, P. chlororaphis, and Bacillus subtilis, have been reported to grow in PU media supplemented with yeast extract or glucose (18, 19, 20, 22, 35) . However, only Comamonas acidovorans TB-35 has the ability to attack solid PU and use it as a carbon source (31) . Protease, urease, and esterase activities have been associated with the degradation of polyester PU by fungi and bacteria (12, 18, 31, 32, 34, 39) . Polyurethanase protease activities have been reported for Pseudomonas fluorescens and P. chlororaphis (19, 36) , polyurethanase lipase activity has been detected in Bacillus subtilis strains (35) , and polyurethanase esterase activities have been reported for Corynebacterium sp., Comamonas acidovorans TB-35, and P. chlororaphis (20, 22, 30) . Membrane-bound esterase activity produced by the Comamonas acidovorans TB-35 strain, which is able to attack solid PU (1, 30) , is the best characterized of these.
N-Methylpyrrolidone (NMP), the lactam of 4-methylaminobutyric acid, is an organic solvent for natural (waxes and resins) and synthetic (polystyrene, polyesters, and polyvinyl chloride) polymers. It is chemically stable, and it is used in a variety of industrial chemical reactions and in paints, surface coatings, paint strippers, and cleaners, as well as for the recovery of pure hydrocarbons in petrochemical processing, desulfurization of gases, and manufacture of electronic equipment. It has been used as an additive in the manufacture of PU finishes for the last 25 years. Additionally, it is used in agrochemicals, such as insecticides, fungicides, herbicides, seed treatment products, and bioregulators. It has been regarded as having a favorable toxicological and environmental profile in comparison to other, more toxic solvents (5) , for which reason it has been used extensively. However, recent findings indicate that NMP has aquatic toxicity for Daphnia magna, with a 50% lethal concentration at 24 h of 1.23 mg ⅐ liter Ϫ1 , and only certain pesticides have greater toxicity than this compound (23) . NMP has been reported to be teratogenic in rats when administered orally (38) but not by inhalation (16, 25, 37) , although a reduction in fetal weight has been observed to occur in the absence of obvious maternal effects at certain doses (37, 43) . It has also been correlated with stillbirth in a woman working in a laboratory where NMP was used routinely (42) and with the poisoning of an agricultural worker by an insecticide in which it was a major component (44) . Although NMP was listed in 1994 in the Environmental Protection Agency Emergency Planning and Community Right-to-Know Act, section 313 (d)(2)(B) (14) , as having serious or irreversible chronic health effects, it is still used broadly. Its extensive use in different industries, its excellent miscibility with water and most organic solvents, and its high percutaneous absorption (4) make the use of NMP potentially hazardous to humans (23) . Even though NMP has been reported as being biodegradable (5, 10), there have been no reports on the identification of microorganisms with such a capacity.
In this paper we describe the isolation and characterization of two Alicycliphilus sp. strains featuring two remarkable capacities: to use NMP as a carbon and nitrogen source and to degrade PU with an esterase activity. We also identified an inducible extracellular esterase activity which might be responsible for the polyurethanolytic activity.
MATERIALS AND METHODS
Isolation of bacterial strains able to grow in Hydroform as the only carbon source. Samples of deteriorated PU were collected from an open-air refuse dump (Bordo de Xochiaca, Nezahualcóyotl, Edo. de México, México). The samples were flexible PU foam pieces collected from the ground or deteriorated upholstery. They were carried in plastic bags to the laboratory, and portions were introduced to 125-ml Erlenmeyer flasks containing 50 ml minimal medium (MM) at pH 7. is an aliphatic PU water-based coating similar to Impranil DLN (Bayer Corp.), which has been employed in other experimental work to characterize polyurethanolytic bacteria (2, 19, 20, 35, 36) . The inoculated media were incubated for 5 days at 37°C and at 200 rpm. Aliquots (100 l) were taken at different incubation times, inoculated into MM-PUh agar plates, and incubated at 37°C for 48 h, after which colonies were isolated and subcultured in the same medium. In order to obtain axenic cultures, subculturing was performed alternately in MM-PUh agar and Luria-Bertani (LB) agar. Bacterial stocks were prepared in glycerol (30%) and stored at Ϫ70°C.
Identification of the isolated strains. Bacterial strains able to grow in MMPUh were characterized using biochemical tests (MacConkey and potato agars, nitrate broth, Salmonella/Shigella, cetrimide, sulfate-indol-motility, motility-indol-ornitine, urea, arginine, and oxide fermentation glucose media) (9, 27) and an API 2ONE test (bioMérieux GmbH, Nurtingen, Germany). The two bacterial strains that showed the most growth in MM-PUh were selected for study and identified by 16S rRNA gene sequence comparison. DNA was extracted from colonies growing in LB agar (24) , except that after the phenol-chloroform extraction procedure, polysaccharides were eliminated by adding 110.7 l of 5 M NaCl plus 88.5 l of cetyltrimethylammonium bromide (10%, wt/vol) in solution in 0.7 M NaCl. The mixture was shaken thoroughly and incubated at 65°C for 10 min (3). DNA integrity was analyzed by agarose electrophoresis and the amount and purity estimated by spectrophotometry. A fragment of the 16S rRNA gene (corresponding to positions 30 to 750 of the Escherichia coli 16S rRNA gene) was amplified by PCR with the following conserved primers close to the 3Ј and 5Ј ends of the fragment, respectively: pA (5Ј AGAGTTTGATCCTGGCTCAG 3Ј) and pH (5Ј AAGGAGGTGATCCAGCCGCA 3Ј). A single strand of the PCR product was directly sequenced using an automatic DNA sequencer (ABI Prism 3100 genetic analyzer; Foster City, CA) with primers gamma (5Ј ACTGCTGC CTCCCGTAGGAG 3Ј), pD* (5Ј GTATTACCGCGGCTGCTG 3Ј), ANTIgamma (5Ј CTCCTACGGGAGGCAGCAGT 3Ј), and ANTIKK (5Ј CGTGCCA GCAGCCGCGGTAAT 3Ј). Identification was based on partial sequence comparisons (720 bp). Closely matching sequences were found in the GenBank database using the BLAST algorithm (http://www.ncbi.nlm.nih.gov). Sequences were aligned using BioEdit sequence alignment editor and visually inspected. Phylogenetic analysis was performed using the MEGA program, version 3.1. The Kimura two-parameter method was used to calculate evolutionary distances, and dendrograms were constructed according to the neighbor-joining method. Bootstrap values were calculated using 500 replicates.
Bacterial growth. A portion of glycerol stock was inoculated into LB agar. After 2 days of incubation at 37°C, one isolated colony was inoculated into 5 ml LB broth and incubated at 37°C and 200 rpm. After 12 h, 5 ml of fresh LB was inoculated with cells of this culture to reach an optical density at 660 nm (OD 660 ) of 0.1. The new culture was incubated at 37°C and 200 rpm for the time needed to reach exponential growth, approximately 6 h. This culture was used to start growth in MM-PUh by inoculating fresh medium with the quantity of cells needed to reach an OD 660 of 0.02. Incubation was conducted at 37°C and 200 rpm. Similar cultures were established to monitor the increase in wet weight. For this, 50 ml of MM-PUh inoculated with cells to give an OD 660 of 0.02 was introduced into glass tubes (16 by 150 mm) in 5-ml aliquots and incubated at 37°C and 200 rpm. At various times over 5 days, the contents of one tube were poured into a preweighed tube and centrifuged at 5,000 ϫ g for 5 min. The wet weight of the cell pellet at each time interval was measured, and each experiment was performed in triplicate. To determine the dependence of bacterial growth on Hydroform concentration, the wet weights of bacterial cultures growing in MM with different amounts of Hydroform (from 10.5 to 105 mg ⅐ ml Ϫ1 ) were measured. The growth kinetic parameters maximum growth rate ( max ) and K s were calculated from the exponential phase of growth (between 0 and 12 h) and a Monod plot produced. Growth kinetic parameters were also calculated for bacteria growing in MM with various concentrations of NMP (from 0.5 to 25 mg ⅐ ml Ϫ1 ) as the sole carbon and nitrogen source. All experiments were performed in triplicate, and comparisons between measured values were performed using the Student t test.
Hydroform characterization. The components present in Hydroform were separated by vacuum distillation. The system was heated to 120°C, and two liquid fractions, at 30°C and 60°C, and a residual solid were obtained. The liquid fractions were analyzed by gas chromatography coupled to a mass spectrometry detector (GC-MS) (HP 6890 series and HP 5973, respectively) with a 5% phenyl methyl siloxane capillary column (30 m by 0.25 mm by 20 m). The oven was heated from 50°C to 100°C at 20°C ⅐ min Ϫ1 . Helium was used as the carrier gas at a flow rate of 1.8 ml ⅐ min Ϫ1 , and the injection volume was 1 l. The residual solid was analyzed by nuclear magnetic resonance ( 1 H NMR and 13 C NMR) (Unity Inova model, 300 MHz; Varian) and by infrared spectroscopy (IRS) (4,000 to 400 cm Ϫ1 ) in a Fourier transform infrared (FTIR) 1605 Perkin-Elmer apparatus.
Identification of bacterial enzymatic activities related to PU degradation. (i) Microbiological tests. Three different microbiological media were used to determine which enzymatic activity (protease, urease, or esterase activity) related to PU degradation Alycicliphilus sp. strains were able to produce. To detect protease activity, the strains were subcultured in YES medium plates (composition in g ⅐ . After 48 h of incubation at 37°C, the plates were stained with Coomassie blue R-250 (0.1% in acetic acid:methanol, 3:1, vol/vol) for 30 min and washed with acetic acid:methanol (3:1, vol/vol). A clear, nonstained zone of degradation was observed around colonies exhibiting proteolytic activity (19) . To detect urease activity, the strains were subcultured in Christensen's urea agar (11) (composition in g ⅐ liter Ϫ1 : urea, 20; agar, 15; NaCl, 5; KH 2 PO 4 , 2; peptone, 1; glucose, 1; and phenol red, 0.012). After 48 h of incubation at 37°C, a pink coloration was observed around colonies showing urease activity. To identify esterase activity, the strains were subcultured in Tween 80 agar (41) (composition in g ⅐ liter Ϫ1 : peptone, 10; NaCl, 5; CaCl 2 , 0.1; and agar, 12 [plus Tween 80, 10.0 ml ⅐ liter Ϫ1 ]) and incubated for 120 h at 37°C. A white precipitation halo was observed around colonies showing esterase activity. A Pseudomonas sp. culture was used as a positive control for the three tests.
(ii) Enzymatic assays. To determine the presence of extracellular enzymatic activities related to PU degradation, protease, urease, and esterase activities were measured in cell-free supernatant (SN) portions of MM-PUh bacterial cultures, after different times of incubation, obtained by centrifugation at 5,000 ϫ g for 5 min (Sorval RC5 PLUS). Linearity of the enzymatic assays had been tested previously by using different reaction times and enzyme amounts. Protease activity was determined spectrophotometrically by measuring casein hydrolysis (26) . Casein buffer solution (400 l) (1% casein in 50 mM potassium phosphate buffer, pH 7) was preincubated at 37°C for 3 min. The reaction was started with 100 l of enzyme extract, and after 10 min of incubation, 500 l of 100% trichloroacetic acid was added. The tubes were centrifuged at 5,000 ϫ g for 5 min. The SNs were collected and the absorbance measured at 280 nm with a UV-VIS Ultrospec 2000 instrument (Pharmacia-Biotech). For blank tubes, the enzyme extract was added after trichloroacetic acid. A protease activity standard curve was constructed by incubating different amounts (1 to 20 mU) of fungal proteinase K (product no. 5530UA; Gibco BRL) under similar conditions. Urease activity was determined by a phenol hypochloride assay (45) . Potassium phosphate buffer (180 l) (50 mM, pH 7) plus 100 l of 5 M urea was preincubated at 37°C for 3 min. The reaction was started by the addition of 20 l of enzyme extract and incubated for 3 min. After incubation, 100 l of phenol solution {7% phenol, 0.34% sodium nitroprussiate [Na 2 Fe(CN) 5 NO ⅐ 2H 2 O]} was added, followed by 200 l of NaClO solution (0.37 M NaOH, 1 M Na 2 HPO 4 ⅐ 12H 2 O, 1% NaClO; pH 12). Immediately after the addition of these solutions, the absorbance was read at 639 nm with a UV-visible Ultrospec 2000 instrument (Pharmacia-Biotech). Blank tubes were prepared for each sample by addition of the enzyme after the NaClO solution. Proteus mirabilis culture SN was used as the enzyme source for positive controls. To determine the amount of NH 4 ϩ released in the reaction, a standard curve was performed by using NH 4 Cl and phenol and NaClO solutions as described above. Esterase activity was measured spectrophotometrically by a p-nitrophenyl acetate (p-NPA) hydrolysis method (13) . The reaction was carried out at 37°C at 1 ml final volume containing 250 l reaction buffer (200 mM phosphate, pH 7.5), 100 l enzyme extract, 400 l of water, and 250 l of a 20 mM solution of p-NPA in acetonitrile. The reaction was started by adding the substrate and the A 405 recorded 30 s after the start of the reaction and at further 1-min intervals for 5 min. p-NPA chemical hydrolysis was calculated from blank experiments performed with SN from a noninoculated MM-PUh. The measurements of chemical hydrolysis were subtracted from those from experiments with enzyme preparation. A standard curve was constructed to measure the hydrolysis of p-NPA by incubating different concentrations of the reagent under conditions similar to those used for the enzymatic assay but using 100 l 1 M NaOH.
GC-MS analysis of the MM-PUh SN after bacterial culture. Cell-free SNs of MM-PUh cultures (2 ml) taken at different incubation times were extracted with chloroform (1 ml). The organic phase was recovered using a Pasteur pipette and transferred to a fresh tube. A small amount of sodium sulfate was added to eliminate water. The sample was analyzed in a GC-MS system as described in "Hydroform characterization" above. The concentration of NMP in the samples was quantified based on a standard curve (0.6 to 24.6 mM) constructed with pure NMP (catalog no. M6762; Sigma). The measurements were performed in triplicate.
IRS-FTIR analysis of PU after bacterial growth. Three samples of solid PU were obtained from the SNs of 5-day MM-PUh cultures inoculated with the bacterial strains by using noninoculated MM-PUh cultures as the control. The solid obtained from SNs by drying in vacuo was pelleted and analyzed by IRS-FTIR as described in "Hydroform characterization" above.
SEM. Solid PU sheets 3 mm thick were prepared by pouring Hydroform into a petri dish, drying in an oven at 65°C, and then cutting into 1-cm 2 pieces. Five pieces were incubated in MM-PUh inoculated with each bacterial strain for 15 days at 37°C. The same number of polymerized PU pieces was incubated in The Kimura two-parameter method was used to calculate evolutionary distances, and dendrograms were constructed according to the neighbor-joining method. Bootstrap values were calculated by using 500 replicates. Numbers at branching points refer to bootstrap values (500 resamplings). noninoculated MM-PUh under similar conditions. After incubation, sheets were recovered, rinsed with water, gold coated by evaporation, and analyzed by scanning electron microscopy (SEM) using a JEOL 5900 LB microscope at ϫ500 magnification.
RESULTS
Two Alicycliphilus sp. strains were isolated by using MMPUh. Inoculation of deteriorated flexible PU foam pieces, collected from a refuse dump, in MM-PUh and subsequent rounds of selection in MM-PUh agar allowed us to obtain several bacterial isolates. The two bacterial strains (BQ1 and BQ8) which showed the best growth in MM-PUh were selected for study. According to biochemical characterization, both strains were identified as members of the Comamonadaceae family. However, although both were positive for reduction of nitrate, adipic and malic acid assimilation, and cytochrome oxidase, small differences, such as the arginine dihydolase test positive for strain BQI and negative for BQ8 and BQ8 positive but BQ1 negative for assimilation of potassium gluconate, were observed. Analysis of the partial 16S rRNA gene sequence confirmed the observation that strains BQ1 (GenBank accession no. EF463077) and BQ8 (GenBank accession no. EF463078) cluster with the family Comamonadaceae of Betaproteobacteria and showed that, although they are closely related to the members of this family Acidovorax sp. and Comamonas sp., they cluster with the genus Alicycliphilus (Fig. 1) . Strain BQ1 had 100% identity and strain BQ8 99% identity with Alicycliphilus sp. strain R-24611 (GenBank accession no. AM084014) and 99% and 98%, respectively, with strain K601 (GenBank accession no. AJ418042). Strain K601, Alicycliphilus denitrificans, is the type species, a new genus and new species (29) . Strain R-24611 was isolated from activated sludge and cultivated in growth media with ethanol or succinate as the carbon source and with nitrate as the nitrogen source (17) (Fig.  1) . Some branching patterns (those with bootstrap values lower than 75%) cannot be considered stable. It is possible that higher bootstrap values would be obtained if more members of this species were sequenced and included in the analysis.
Growth in MM-PUh showed a hyperbolic behavior, with an exponential growth phase between 4 and 12 h and the stationary phase starting around 60 h of incubation ( Fig. 2A ). BQ1 showed a higher maximum growth (17.8 Ϯ 0.6 mg ⅐ ml Ϫ1 ) than BQ8 (14.0 Ϯ 0.6 mg ⅐ ml Ϫ1 ) after 100 h of culture. The dependence of bacterial growth on the Hydroform concentration (from 10.5 to 105 mg ⅐ ml Ϫ1 ) showed a hyperbolic pattern (Fig.  2B) , with max values of 3.94 Ϯ 0.2 and 4.55 Ϯ 0.6 h Ϫ1 for BQ1 and BQ8, respectively, and K s values of 16.9 Ϯ 3.5 and 27.7 Ϯ 1.9 mg ⅐ ml Ϫ1 for BQ1 and BQ8, respectively. Statistically significant differences (P ϭ 0.05) between K s values were observed, suggesting that BQ1 is more efficient than BQ8, since it reached half of the maximum growth with a lower concentration of Hydroform.
Hydroform is a polyester PU. Since the Hydroform chemical composition has not been published, analyses to determine the type of compounds and the nature of the PU present were performed. Hydroform was vacuum distilled and two liquid fractions, corresponding to 71.5% of the total volume, were obtained, together with a solid residue. GC-MS analysis of the distilled fractions showed that the larger of these (50% of the total volume) was water. The remaining 20% comprised a mixture of NMP and two dipropyleneglycol methyl ether isomers (DPGME and DPGME2) (Fig. 3A) . NMR analysis from the solid residue (Fig. 3B) showed the presence of ester bonds at peaks 3.6 to 3.9, 7.9, and 8.4 ppm in the 1 H NMR spectrum and at 44 to 50, 63, and 66 to 70 ppm in the 13 C NMR spectrum ( Table 1 ). The IRS-FTIR analyses of the solid residue confirmed the ester bond at peak 979 cm Ϫ1 , the amide group at 1,534 to 1,547 cm Ϫ1 , and the carbonyl group of the ester bond at 1,722 to 1,735 cm Ϫ1 , characteristic of PU (data not shown). Data obtained from these analyses allow us to propose that PU in Hydroform is a polyester type and has the structure presented in Fig. 3C .
Alicycliphilus sp. was able to utilize NMP. To determine whether the Alicycliphilus sp. strains were able to utilize the other carbon compounds differently than the PU (NMP or DPGME) present in the Hydroform, chloroform extracts of the MM-PUh cell-free SNs were analyzed by GC-MS after different incubation times (0, 3, 6, 9, and 12 h). Analyses showed that NMP, but not the DPGME isomers, was consumed during the growth of the bacteria in inoculated media ( Table 2 ). BQ1 consumed NMP at a higher rate (0.34 1 H NMR and 13 C NMR spectra of PU present in Hydroform. An analysis of the spectra is presented in 
. Both NMP and DPGME remained in incubated and noninoculated media during this period.
To demonstrate that Alicycliphilus sp. strains were able to utilize NMP as their sole carbon and nitrogen source, the dependence of their growth on NMP concentration (from 0.5 to 25 mg ⅐ ml Ϫ1 ) in an MM without other sources of carbon or nitrogen was determined by recording wet weight increases during the exponential growth phase (between 0 and 12 h). max values were 0.87 Ϯ 0.04 and 0.94 Ϯ 0.08 h Ϫ1 for BQ1 and BQ8, respectively, and K s values were 7.0 Ϯ 0.9 and 8.9 Ϯ 1.9 mg ⅐ ml Ϫ1 for BQ1 and BQ8, respectively. No statistically significant differences between them were observed. Calculated values denote that both strains were able to sustain their growth based on NMP. Experiments testing the capacities of BQ1 and BQ8 to sustain their growth by using 2-pyrrolidone (2-P), an NMP-related compound, showed that none of the Alicycliphilus sp. strains were able to do it (data not shown).
Esterase activity, but not protease or urease activity, is induced in Alicycliphilus sp. growing in MM-PUh. Protease, urease, esterase, and lipase activities identified in polyurethanolytic microorganisms have previously been shown to be associated with PU degradation (18, 19, 20, 30, 35, 36) . To determine which activity was displayed by Alicycliphilus sp. strains, the strains were grown in three differential media. Growth in YES-gelatin and Christensen agar indicated that both strains were protease and urease negative. However, growth in Tween 80 medium showed precipitation around the colonies, indicating that the strains were esterase positive (data not shown). To detect the presence of extracellular esterase activity, cell-free SNs of inoculated MM-PUh cultures were used to measure this activity by the p-NPA method. Esterase activity was not detected after 6 and 10 h, even when the SN was concentrated 5ϫ, but was clearly detected after 12 h of incubation. At 18 h, the maximum activity presented by the 
. Beyond this point, activity began to decrease, remaining at 120 h of culture at approximately at 46% and 68% of the maximum (24 Ϯ 4.0 and 26.5 Ϯ 4.0 nmol p-NP ⅐ min Ϫ1 ⅐ ml Ϫ1 ) for BQ8 and BQ1, respectively (Fig. 4) . Esterase activity was not detected in SNs of LB broth cultures at 8 or 16 h, even if the SN at 8 h was concentrated 5ϫ (data After that time, cell-free SNs were sterilized. NMP-free MM-PUh was prepared using dialyzed Hydroform (analyzed by GC-MS to confirm that no NMP was present). The figure depicts the SNs of each culture after sterilization. (B) IRS-FTIR analysis. MM-PUh NI or inoculated with Alicycliphilus sp. strain BQ1 or BQ8 was incubated at 37°C for 120 h. Cell-free SNs were vacuum dried to obtain the solid component (PU). PU was analyzed by IRS-FTIR. Relevant peaks are indicated. (C) SEM analysis of polymerized Hydroform sheets. MM-PUh containing 1-mm-thick sheets (1 cm by 1 cm), NI or inoculated with BQ1 or BQ8. After 15 days of culture, the sheets were recovered, rinsed with water, gold coated by evaporation, and analyzed by SEM. Five sheets were incubated and analyzed for each culture. Representative results are shown. not shown). These results demonstrate that esterase activity was induced by the presence of compounds having ester linkages, such as Tween 80 or polyester PU. Protease and urease activities were also measured in cell-free SNs of inoculated MM-PUh cultures at the same times and during the same period as for esterase. None such activities were detected even though the assays were performed with 10ϫ-concentrated SN.
Effect of Alicycliphilus sp. growth on PU. To determine if these strains were also able to attack the PU component of Hydroform, a number of aspects were analyzed. The effect of Alicycliphilus sp. on the PU present in the liquid MM-PUh was determined by analyzing the polymerization of PU after bacterial growth. Inoculated and noninoculated MM-PUh were incubated for 5 days, after which the cell-free SN was sterilized. After this treatment, the PU present in noninoculated medium was found to have polymerized (white precipitate), while PU from inoculated media had not (Fig. 5A, left three panels) . To demonstrate that the absence of NMP in the inoculated media caused by early bacterial growth was not the cause of the loss of polymerizing properties in PU, MM-PUh was prepared using NMP-free Hydroform. The latter was obtained by dialysis and analyzed by GC-MS to confirm the absence of NMP. This medium was incubated for 5 days without inoculation and then sterilized. After incubation, it was found that NMP-free MMPUh did in fact polymerize, indicating that the absence of NMP was not the cause of the lack of polymerization observed (Fig. 5A, far-right panel) . These results indicate that bacterial activity had changed the properties of the PU present in the inoculated media, as a result inhibiting its polymerization.
The chemical composition of solid PU after bacterial growth was therefore analyzed. For this, bacteria were cultured in MM-PUh for 5 days, after which the SN was removed and vacuum dried and the residual solid analyzed by IRS-FTIR. Analysis revealed that carbonyl (1,734 cm Ϫ1 ) of the ester signal (979 cm Ϫ1 ), observed in solid PU not exposed to bacterial growth (Fig. 5B, top) , increased in the solid obtained from the SN after culture with BQ1 (1,727 cm Ϫ1 ); at the same time, the ester signal decreased, and other signals corresponding to ether, methyl, methylene, and terminal alcohols (983 to 1,450 cm Ϫ1 ) appeared (Fig. 5B, middle) . These changes indicate that ester bonds were hydrolyzed, producing increases in the signals of the indicated groups, in BQ1-exposed media. The amide signal (1,530 to 1,550 cm Ϫ1 ) increased in BQ1-exposed PU, discarding the hypothesis of hydrolysis of this group by a protease or urease activity. The spectrum presented by BQ8-exposed PU showed less ester hydrolysis than BQ1-exposed PU (Fig. 5B, bottom) . These results indicate that BQ1 growth affects PU-ester bonds but not urethane bonds and that BQ8 growth does not affect them to the same extent.
To study the effect of growth of Alicycliphilus strains on polymerized PU, thin polymerized Hydroform sheets were incubated for 15 days in liquid media inoculated with the two bacterial strains. After that time, sheets were viewed by SEM, which showed that sheets exposed to BQ1 had numerous holes on their surface (Fig. 5C, middle) , whereas those exposed to BQ8 had few holes (Fig. 5C, bottom) . These results clearly indicate that BQ1 can attack solid PU and that, while BQ8 also attacks PU, it does so to a lesser extent.
DISCUSSION
In this work, two strains able to grow in PU were isolated by several rounds of selection in a medium comprising Hydroform, a commercial aliphatic, water-based PU, as the only carbon source. By sequencing of the 16S rRNA gene, the two strains were identified as Alicycliphilus sp. Alicycliphilus denitrificans, the first bacterium classified in this genus, is a new genus and new species reported as a denitrifying and cyclohexanol-degrading bacterium (29) belonging to the Comamonadaceae family in the Betaproteobacteria class. The name Alicycliphilus means alicyclic compound liking, referring to the substrates used for the isolation of this organism (29) . This genus is phylogenetically related to Acidovorax defluvii and Comamonas denitrificans, which have previously been isolated from activated sludge (15, 40) . Moreover, another bacterium of the Comamonadaceae family, C. acidovorans, has been reported as being able to use various types of PU to sustain its growth (2, 30) .
Chemical characterization of Hydroform by NMR, IRS, and GC-MS showed that it was composed of a polyester-type PU, NMP, and two DPGME isomers. We found that Alicycliphilus sp. consumed NMP present in Hydroform during its early phase of growth. Moreover, we were able to confirm that NMP was utilized by the isolated bacteria, since both strains were found to grow in an MM with NMP as the sole carbon and nitrogen source. Pseudomonas aeruginosa was reported as being able to use 2-P, an NMP-related compound, as the nitrogen and carbon source, but it was unable to use NMP (33) . On the contrary, Alicycliphilus sp. was able to use NMP but not 2-P. As far as is known, this is the first report of a bacterium being able to utilize NMP to sustain growth. Since the toxicity of NMP has been recognized, our finding that Alicycliphilus sp. is able to consume NMP could be of great relevance in biotechnology research directed towards avoiding the toxic consequences of its release into the environment.
Experiments with differential media and by measurements of protease and urease activities in SNs of MM-PUh inoculated with these bacteria at different growing times demonstrated that the isolated Alicycliphilus sp. strains did not exhibit protease or urease activity. However, esterase activity was detected in Tween 80 media, and by using the p-NPA assay, the esterase activity secreted to the culture medium was measured. A lipase activity has been identified in Bacillus subtilis (35) , and extracellular esterase activities have been reported for Pseudomonas chlororaphis and Comamonas acidovorans growing in media with Impranil (2, 20, 36) . In C. acidovorans TB-35, an extracellular esterase and a membrane-associated esterase have been identified (30) . Analysis of these esterase activities on solid PU and poly(diethylenglycol adipate) has demonstrated that only the membrane-associated esterase was able to degrade poly(diethylenglycol adipate) and PU, this being the one with polyurethanolytic activity (1) . Based on the changes observed in the IR spectra of the solid PU obtained from the SN of MM-PUh after culture with strain BQ1 (Fig. 5B) , we determined that it was ester groups that were being affected by a bacterial esterase activity. Whether the extracellular esterase activity detected in Alicycliphilus sp. was responsible for the PU attack or whether there was membrane-associated esterase activity will be the subject of further investigation. The absence of an extracellular esterase activity when Alicycliphilus sp. grows in LB broth and detection of this activity at 12 h of culture in MM-PUh, by which time NMP has greatly diminished in the culture medium, suggest that esterase activity is induced in response to the chemical composition of the medium. In previous studies, a medium containing Impranil supplemented with yeast extract has been used to characterize polyurethanolytic bacteria (2, 19, 20, 35, 36) . It might be possible that the presence of molecules more easily consumed than PU and which could also be utilized as a carbon source could help in the establishment of polyurethanolytic bacteria in PU media. This early growth might activate the expression of genes encoding proteins involved in the efficient utilization of PU, for example, esterase and other proteins needed for the uptake and metabolism of molecules produced after breakdown of PU-ester bonds. In this work, the presence of NMP and its utilization during early growth of Alicycliphilus sp. might provide an easily used carbon source, but after it has been exhausted, esterase activity has to be induced to allow the bacteria to utilize PU, a more complex carbon source.
Various data demonstrate the capacity of Alicycliphilus sp. to degrade PU, including a loss of polymerizing ability of PU after exposure to bacteria culture, indicating the loss of groups needed for the polymerization reaction. These groups could be lost by cleavage of ester bonds, generating carboxyl groups and short-chain alcohols unsuitable for polymerization. IRS analysis, in which the PU-ester bond peaks disappeared and carbonyl group signals increased in the PU spectrum after culture with the BQ1 strain, supports this suggestion. More work might be done to confirm this reaction. A more graphic demonstration was the observation of the numerous holes produced in polymerized PU after bacteria culture. Despite the fact that both Alicycliphilus strains share certain characteristics, such as the ability to grow in MM-PUh and NMP, the production of extracellular esterase activity when they grow in MMPUh, and loss of the polymerizing capacity of PU after their growth, the action of BQ1 on PU seems to be more effective than that of BQ8. A more detailed analysis demonstrates that, although BQ8 showed higher extracellular esterase activity (measured by the p-NPA method) than BQ1, it reached a lower maximum growth in MM-PUh (10.5% Hydroform), it had larger K s values for PU, it almost did not alter ester bond signals in IR spectrum after its growth, and it did not produce as many holes in polymerized PU as BQ1. These observations reflect the distinct genetic and biochemical backgrounds of both strains and suggest that differences, for example, in biochemical mechanisms of the esterase activity over PU, existence of other degradative activities for PU attack, diverse transporters of PU breakdown products, or different catabolic pathways inside the cell, might exist between the two strains. Work is being performed in our laboratory to identify the enzymes and the genes encoding them which participate in the different pathways involved in PU degradation. In conclusion, in this paper we report two important findings: the ability of Alicycliphilus sp. to utilize NMP as a carbon and nitrogen source, which is the first report of a microorganism able to do this, and the capacity of Alicycliphilus sp. to attack PU due to an esterase activity.
